The endonuclease DICER that processes micro-RNAs and small interfering RNAs is essential for normal spermatogenesis and male fertility. We previously showed that the deletion of Dicer1 gene in postnatal spermatogonia in mice using Ngn3 promoter-driven Cre expression caused severe defects in the morphogenesis of haploid spermatid to mature spermatozoon, including problems in cell polarization and nuclear elongation. In this study, we further analyzed the same mouse model and revealed that absence of functional DICER in differentiating male germ cells induces disorganization of the cell-cell junctions in the seminiferous epithelium. We detected discontinuous and irregular apical ectoplasmic specializations between elongating spermatids and Sertoli cells. The defective anchoring of spermatids to Sertoli cells caused a premature release of spermatids into the lumen. Our findings may help also explain the abnormal elongation process of remaining spermatids because these junctions and the correct positioning of germ cells in the epithelium are critically important for the progression of spermiogenesis. Interestingly, cell adhesionrelated genes were generally upregulated in Dicer1 knockout germ cells. Claudin 5 (Cldn5) was among the most upregulated genes and we show that the polarized localization of CLAUDIN5 in the apical ectoplasmic specializations was lost in Dicer1 knockout spermatids. Our results suggest that DICER-dependent pathways control the formation and organization of cell-cell junctions in the seminiferous epithelium via the regulation of cell adhesion-related genes.
INTRODUCTION
The differentiation of a spermatogonial stem cell into a spermatozoon is a complex process that involves a mitotic proliferation phase, meiotic divisions, including the shuffling of the genetic material, and a dramatic morphogenesis of haploid spermatids [1] . During the haploid differentiation phase, a spermatid obtains its polarity with the acrosome facing the apical side of the cell and a flagellum protruding from the opposite side. Mature spermatozoa possess a minimum amount of cytoplasm and a typical head shape. Their chromatin is tightly compacted by sperm-specific, basic, chromatin proteins, referred to as protamines, which replace most of the histones during the late steps of spermiogenesis [2] .
In addition to the germ cell-intrinsic regulatory mechanisms, a critical level of regulation for spermatogenesis is provided by the surrounding somatic Sertoli cells [3] . Developing germ cells are embedded in the cytoplasmic pockets of Sertoli cells, an association that is essential for spermatogenesis. Sertoli cells provide both nutritional and structural support to germ cells, and there is a constant cross talk and mutual regulation between Sertoli cells and germ cells [4, 5] . This communication as well as the overall organization of the seminiferous epithelium and the appropriate positioning of the spermatogenic cell within it is supported by specific cell-cell adhesion junctions [6, 7] . There are two main types of junctions, one between the adjacent Sertoli cells and another between Sertoli cells and elongated spermatids (ES) at the adluminal compartment of the seminiferous epithelium [6, 7] .
As germ cells differentiate, they move toward the tubule lumen. This movement requires dynamic remodeling of the cell-cell junctions. At the onset of meiosis, germ cells need to transit across the blood-testis barrier (BTB), an impermeable block between adjacent Sertoli cells that is composed of cell junctions, including tight junctions, adhesion junctions, and gap junctions [6] . Anchoring junctions such as desmosome-like junctions between germ and Sertoli cells promote the migration of developing germ cells toward the lumen [7] . At the time of cell polarization and nuclear elongation, all haploid cells are positioned in the epithelium with their heads pointing toward the basement membrane and their tails facing the tubule lumen. This positioning is brought about by specialized junctions between the ES and Sertoli cells known as apical ectoplasmic specializations (aESs), which also prevent the premature release of immature spermatozoa into the lumen [7] . The aESs first appear when a round spermatid (RS) nucleus polarizes to one side of the cell and the acrosome becomes closely associated with the plasma membrane. In condensing spermatids, aESs are localized to the apical side of spermatids and finally go through self-renewal when the spermatids are released into the lumen [8] .
The progress of spermatogenesis is accompanied by phasespecific transcriptional waves in germ cells that govern the differentiation process [9] [10] [11] [12] . Meiotic and postmeiotic male germ cells are transcriptionally active and have exceptionally diverse transcriptomes [13] , which depend on efficient and accurate posttranscriptional regulatory mechanisms. Among other RNA regulatory mechanisms, micro-RNAs (miRNAs) have an essential role in the control of spermatogenesis [14] . Both the microprocessor complex DROSHA-DGCR8 and DICER [15] , which are central components of the miRNA biosynthetic pathway, are required for normal spermatogenesis and male fertility in mice [16] [17] [18] [19] [20] [21] [22] [23] . The role of DICER in primordial germ cells has been studied using a mouse model with a specific deletion of Dicer1 induced by a Tnap-Cre transgene. This mouse model demonstrated the defects in primordial germ cell proliferation and compromised male fertility [19, 23] . The deletion of the Dicer1 gene just before birth in late embryonic germ cells using Ddx4 promoter-driven Cre expression causes phenotype with severe meiotic defects and abnormal haploid differentiation [16] . Transcriptome profiling of Dicer1 knockout spermatocytes revealed a global misregulation of mRNAs [20] . Interestingly, inactivation of the microprocessor activity by the deletion of the Dgcr8 gene using the same Cre line resulted in a milder phenotype with less of an effect on meiosis [20] . Conditional knockout mouse models that induce Dicer1 deletion in postnatal spermatogonia also largely escape the meiotic problems and manifest the most prominent defects in haploid cell differentiation, including abnormal head shaping and chromatin packing [17, 21, 22] .
We previously reported a testicular phenotype of a conditional Dicer1 knockout mouse in which DICER was inactivated in undifferentiated postnatal spermatogonia using Ngn3 promoter-driven Cre expression. Knockout male mice were infertile with major problems in haploid male germ cell differentiation [17] . Dicer1 knockout mice had abnormal nuclear morphology of ES, reduced number of protamine-incorporated spermatid nuclei in the testis, and dramatically lowered sperm counts in the epididymis [17] . Here in the present study, we aimed to characterize the nature and the origin of these defects caused by the absence of functional DICER.
MATERIALS AND METHODS

Ethics
Animal husbandry and all the animal experiments were carried out in compliance with Finnish laws. Protocols for the use of animals were approved by the Committee on the Ethics of Animal Experimentation at the University of Turku in accordance with the Guide for Care and Use of Laboratory Animals (National Academy of Science). License number: 2009-1206-Kotaja.
Animal Maintenance
All the mice were housed at the University of Turku Animal Facility under controlled environmental conditions. The mice used in this study were of mixed C57Bl/6J and SV129 genetic background. Deletion of the Dicer1 gene in postnatal spermatogonia was induced by crossing floxed Dicer1 mice [24] with transgenic animals carrying Neurogenin 3 (Ngn3) promoter-driven Cre expression [25] . A detailed description of the Dicer1 (fx/fx);Ngn3Cre knockout model has been previously published [17] . Mice were genotyped as described earlier [17] .
Western Blot Analysis
Testes from 24-day-old and adult (more than 60 days old) Dicer1 knockout and control mice were collected and frozen in liquid nitrogen. Testes were homogenized in a RIPA lysis buffer-50 mM Tris-HCl, pH 7.5, 1% Nonidet P40, 0.5% sodium deoxycholate, 0.05% SDS, 1 mM ethylenediaminetetraacetate (EDTA), 150 mM NaCl, 13 Complete Mini EDTA-free Protease Inhibitor Cocktail (Roche), 1 mM dithiothreitol, and 0.2 mM phenylmethylsulfonyl fluoride-and the lysates were centrifuged at 13 000 rpm for 15 min. Enriched populations of spermatocytes, RS, and ES were collected from adult C57Bl/6J mice testes using centrifugal elutriation [26] , and the lysates were prepared as described above. Protein (20 lg) was loaded onto commercial precast Tris-HCl polyacrylamide gels (Mini-PRO-TEAN Dodeca, Bio-Rad Laboratories). After electrophoresis, proteins were transferred to an Amersham Hybond hydrophobic polyvinylidene difluoride membrane (GE Healthcare). The membrane was blocked with 5% milk in phosphate-buffered saline (PBS), incubated with a primary antibody (Table 1) in 5% milk in PBS at 48C overnight, washed three times in PBS with 0.1% Triton X-100, incubated with horseradish peroxidaseconjugated goat anti-rabbit or anti-mouse immunoglobulin G (1:5000 diluted in 5% milk) at room temperature for 1 h, and washed three times for 15 min in PBS containing 0.1% Triton X-100 and then with a final PBS rinse. Detection was performed with Western Lightning ECL Pro, luminol-based enhanced chemiluminescence horseradish peroxidase substrate (Perking Elmer) and a LAS4000 (Fujifilm) detection system.
Quantitative Real-Time PCR
Testes from 18-, 24-, and 30-day-old as well as adult (more than 60 days old) Dicer1 knockout and control mice were collected, placed in a TRIsure reagent solution (BIO-38033; Bioline USA Inc.) and homogenized. Spermatocytes were isolated using velocity sedimentation. Testes were collected from adult Dicer1 knockout and control mouse, and cells were separated following the STA-PUT protocol [27] with a 0.5% to 6% bovine serum albumin gradient. The purity of the cell fractions (;80% for spermatocytes) was analyzed with 4 0 ,6-diamidino-2-phenylindole (DAPI) staining and fluorescent microscopy. A total of 1 ml of TRIsure reagent solution was added to the collected spermatocyte fractions, and total RNA was extracted following the manufacturer's instructions. Purity was assessed by the ratio of absorbance at 260 and 280 nm, which was measured by a spectrophotometer (NanoDrop ND-1000; Thermo Fisher Scientific Inc.). RNA was treated with DNase I (Sigma-Aldrich Co.), and cDNA was synthesized from 1 lg of total RNA using a commercial DyNAmo cDNA synthesis kit (Thermo Fisher Scientific Inc.). Real-time quantitative PCR (real-time qPCR) was performed with DyNAmo Flash SYBR Green qPCR Kit (Thermo Fisher Scientific Inc.). A geometric mean of multiple validated reference genes was used for normalization. TATA-binding protein (Tbp), peptidylprolyl isomerase A (Ppia), and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) were validated as the best reference genes for normalization of the data from a panel of 12 genes analyzed by RefFinder (http://www.leonxie.com/referencegene.php). The primers for the reference genes were: Tbp (forward) AGAGCCACGGACAACTGCGT, Tbp (reverse) TGTTCTTCACTCTTGGCTCCTGTGC; Ppia (forward) GCCATGGT CAACCCCACCGT, Ppia (reverse) TGCAAACAGCTCGAAGGAGACG; [28] was used to analyze the relative changes in gene expression between the knockout and the control testes. Each assay was performed in three independent experiments with three technical replicates. Statistical data analysis was performed with JMP Pro 11 software (SAS Institute Inc.). Unpaired t-test was used for comparison of two groups. P , 0.05 was considered significant. All the results are presented as mean (SD) of fold change.
Immunofluorescence
For histological analyses, tissues were collected and fixed in 4% paraformaldehyde (PFA). Tissues were then washed in water, dehydrated in a series of ethanol washes, and embedded in paraffin. Paraffin-embedded testis sections were rehydrated, and antigens were retrieved by pressure cooking in 10 mM sodium citrate, pH 6.5, or 10 mM Tris-HCl and 1 mM EDTA, pH 9.0, for 2 h. Nonspecific-binding sites were blocked in 10% normal goat serum or 10% normal donkey serum. Primary antibody incubations (Table 1) were performed in blocking solution for 1 h at 378C or overnight at 48C. AlexaFluor488-or AlexaFluor594-conjugated secondary antibodies (Invitrogen, Thermo Fisher Scientific Inc.) diluted 1:750 in blocking solution were used for immunofluorescence detection. The sections were mounted with mounting medium containing DAPI (Vectashield, Vector Laboratories). Wide field fluorescence images were acquired with a Leica DMRBE microscope with Olympus DP72 digital color camera using cellSens Entry 1.5 (Olympus) digital imaging software. A Zeiss LSM510 META laser scanning confocal microscope was used for the confocal images. All images were processed using Photoshop (Adobe). Three-dimensional rendering was performed with BioimageXD version 1.
Electron Microscopy
Testis samples were fixed in 5% glutaraldehyde and then treated with a potassium ferrocyanide-osmium fixative. Epoxy resin (Glycidether 100; Merck Co.)-embedded sections (70 nm) were stained with 5% uranyl acetate and 5% lead citrate, and visualized on a JEM-1400 Plus transmission electron microscope (JEOL).
RESULTS
Expression and Localization of Dicer1 in Mouse Testes
To better understand the role of DICER-dependent processes in spermatogenesis, we analyzed DICER expression and localization in the mouse testis by immunofluorescence using a polyclonal anti-DICER antibody (Fig. 1A) . At all the stages of the seminiferous epithelial cycle, a strong DICER signal was found in the cytoplasm of Sertoli cells ( Fig. 1A and Supplemental Fig. S1A ; Supplemental Data are available online at www.biolreprod.org). DICER was also expressed in all types of differentiating male germ cells, including spermatogonia, spermatocytes, and spermatids. DICER expression increased in pachytene spermatocytes and reached its peak in late pachytene and diplotene spermatocytes (stages IX-XI). The expression decreased during RS differentiation, with step 1-5 RS (at stages I-V) expressing relatively higher levels of DICER than step 6-8 RS (at stages VI-VIII). DICER expression in ES was low, but some cytoplasmic staining was detected. Localization of DICER was predominantly cytoplasmic. In both spermatocytes and spermatids, the staining appeared granular and concentrated at specific regions in the cytoplasm. We validated the localization results by using another polyclonal anti-DICER antibody, which gave a similar staining pattern (Supplemental Fig. S1B ). In Dicer1 knockout testis, a strong DICER signal remained in the cytoplasm of Sertoli cells (Fig. 1B) . Importantly, the DICER signal was dramatically reduced in Dicer1 knockout germ cells.
We further confirmed the expression pattern of DICER by immunoblotting the testis samples collected at different time points during the first wave of spermatogenesis in juvenile mice ( Fig. 2A) . At Postnatal Day 14 (P14), testes contained germ cells up to early pachynema. At P18, spermatogenesis has progressed until late pachynema. At P24, RS have appeared, and at P28, spermatid elongation has begun. Western blot analysis showed strong DICER expression in P14 and P18 testes that are enriched with pachytene spermatocytes. Interestingly, in P28 and adult testes, a higher molecular weight (MW) DICER band (.250 kDa) appeared. Dicer1 knockout testes at P18 and P28 showed dramatically reduced expression of both forms of DICER compared to control ( Fig.  2A) . We analyzed the different forms of DICER in enriched populations of specific cell types isolated by centrifugal elutriation. The higher MW form of DICER was found in the RS sample (;70% pure fraction with ES as major contaminants) and was the predominant form in ES and spermatozoa (sperm). The higher MW form was not detected in spermatocytes (Fig. 2B) . Immunoblotting of mouse tissue samples with an anti-DICER antibody revealed distinct DICER forms in different tissues (Supplemental Fig. S1C ).
Processes Preceding Histone-Protamine Transition Appear to Be Unaffected in Dicer1 Knockout Testes
We previously reported that the reduced number of protamine-incorporated spermatid nuclei in Dicer1 knockout testes was not due to defects in large-scale histone hyperacetylation [17] that is known to destabilize nucleosomes before histone-protamine transition [29] . In this study, we determined the dynamics of H4 hyperacetylation in Dicer1 knockout spermatids in more detail and demonstrated that in addition to a correct appearance of hyperacetylation in early elongated spermatids [17] , this modification was correctly retained in the chromocenters of step 12 (stage XII) ES just before the protamine incorporation (Supplemental Fig. S2 , A and B). Confocal immunofluorescence microscopy revealed normal association of Bromodomain testis-specific protein (BRDT) with hyperacetylated chromatin in Dicer1 knockout spermatids (Supplemental Fig. S2C ). BRDT is known to be required for histone replacement by recognizing hyperacetylated histones and inducing global remodeling of acetylated chromatin [9, 12] . Furthermore, we did not detect any major defects in the level of double strand breaks that appear in ES before the histone-protamine transition (Supplemental Fig.  S3A) . A testis-specific histone H2B variant, TH2B, is known to replace the canonical H2B in spermatocytes and direct the final transformation of dissociating nucleosomes into protamine-packed structures [30] . We showed that there was normal incorporation of TH2B in Dicer1 knockout testes (Supplemental Fig. S3B ).
Cell-Cell Junctions Are Disrupted in Dicer1 Knockout Seminiferous Epithelium
Our earlier findings on the polarization defects of Dicer1 knockout spermatids [17] prompted us to analyze the cell-cell junction organization in the seminiferous epithelium that is known to be important for spermatid polarization [7] . We used ESPIN, an ACTIN-bundling protein localized to the aES and basal ES at the BTB, as a marker to study the cell-cell junctions in the Dicer1 knockout seminiferous epithelium. In the control testes, ESPIN localized along the acrosomal region, detected DICER REGULATES CELL-CELL JUNCTIONS IN THE TESTIS by peanut agglutinin (PNA) staining, in ES (Fig. 3, A and B) . PNA staining confirmed the defective acrosomal development in Dicer1 knockout spermatids (Fig. 3, A and B and Supplemental Fig. S3C ) that was previously observed by electron microscopy [17] . Interestingly, we detected clear defects in the junctions between Sertoli cells and ES. Some ES were associated with ESPIN-positive aESs, but the ESPIN staining was discontinuous and irregular (Fig. 3, A and B) . A large number of step 9-10 spermatids were not attached to Sertoli cells by ESPIN-positive aESs (Fig. 3, A and B) . These major problems in the formation and/or maintenance of aESs possibly impair the spermatid elongation process. Defective aESs can also explain the dramatically lowered sperm counts in the Dicer1 knockout cauda epididymis. Immature germ cells were frequently released into the lumen as demonstrated by the presence of RS and ES in the cauda epididymis (Fig. 3D) .
Electron microscopy confirmed that discontinuous aESs were associated with early ES in Dicer1 knockout mice (Fig.  3C) . ES showed defects in polarization: parts of the apical acrosomal region were often detached from the Sertoli cell plasma membrane and the orientation of the ES was disorganized (Fig. 3C) . Those aESs that remained in the Dicer1 knockout testes appeared morphologically similar to the control aESs (Supplemental Fig. S4A ). þ ) testes, the DICER signal is strong in the cytoplasm of Sertoli cells (asterisks). Some staining is detectable in germ cells as well although at much lower levels than in the control testes. Spg, spermatogonium; PLSpc, preleptotene spermatocyte; ZSpc, zygotene spermatocyte; PSpc, pachytene spermatocyte; RS, round spermatid; ES, elongating spermatid. Arabic numerals following RS and ES indicate the step of spermatid differentiation. Bar ¼ 10 lm.
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The cell-cell junctions at the BTB contain ACTIN bundles and, therefore, the status of the BTB can also be assessed using an anti-ESPIN antibody. Confocal images of anti-ESPIN immunofluorescence of stage VII-VIII cross sections visualized the BTB on the adluminal side of the layer of preleptotene spermatocytes (Fig. 4A) . The BTB was also readily detected in Dicer1 knockout testes at stage VII-VIII, and interestingly, the thickness of the BTB was dramatically increased compared to the control testes (Fig. 4A) . Three-dimensional modeling of the confocal stack revealed striking differences between the thickness of the control and Dicer1 knockout BTBs (Fig.  4B) . We did not detect clear morphological differences in the different types of BTB junctions in the Dicer1 knockout seminiferous epithelium by electron microscopy. The main defect appeared to be the increased length of junctions leading to the multilayered organization of the BTB (Supplemental Fig.  S4 , B and C).
Cell Adhesion-Related Genes Are Upregulated in Dicer1 Knockout Testes
To understand the consequences of DICER deletion at the transcriptional level, we examined the previously published transcriptome data of pachytene spermatocytes isolated from control and Dicer1 knockout that was generated using Ddx4 promoter-driven Cre expression (Ddx4Cre-Dicer1 knockout) [20] . We performed the gene ontology (GO) term analysis of the genes that were upregulated in the Ddx4Cre-Dicer1 knockout spermatocytes compared to controls using Gorilla (Table 2 and Supplemental Table S1 ). As reported previously [20] , there was a striking absence of reproduction and spermatogenesis-related processes among the most enriched GO terms. Interestingly, our analysis of the upregulated genes revealed a clear enrichment of GO terms related to cell adhesion ( Table 2, Supplemental Table S1 ). These included, for example, GO terms GO:0030155 (regulation of cell adhesion), GO:0022610 (biological adhesion), and GO:0007155 (cell adhesion). In addition, other cellular processes that involve cell-cell contacts such as GO terms related to cell signaling, cell motility, and locomotion were enriched. Altogether these results suggest an important role for DICER-dependent regulation in the maintenance of epithelial architecture in the testes.
We took 81 genes listed under the GO term biological adhesion and organized them on the basis of their level of upregulation in Ddx4Cre-Dicer1 knockout spermatocytes (Supplemental Table S2 ). Interestingly, we were able to identify many genes that have previously been reported to function in the regulation or maintenance of BTB and/or aESs in the seminiferous epithelium, such as claudins, laminins, integrins, and cadherins [31] [32] [33] . To analyze their expression patterns during spermatogenesis, the 81 transcripts were quantified using RNA sequencing data published by Gan et al. [34] . This dataset includes transcriptomic data from Sertoli cells, primitive type A spermatogonia, type A spermatogonia, type B spermatogonia, leptotene spermatocytes, pachytene spermatocytes, RS, and ES. The 81 transcripts were classified according to their expression pattern in specific cell types. Many of the genes displayed a peak expression in Sertoli cells (expression patterns P1 and P2), but some showed differential expression patterns in germ cells during spermatogenesis (expression patterns P3-P8) (Fig. 5) . These results suggest that some of these DICER-regulated cell adhesion genes are expressed both at the Sertoli cell and germ cell side of the cellcell junctions, while some appear to be germ cell-specific.
Claudin5 (Cldn5) was among the most upregulated genes, and real-time qPCR analysis confirmed the significant upregulation of Cldn5 mRNA expression in the Ngn3Cre-driven Dicer1 knockout testes at P18 (Fig. 6A) . EZRIN is an ACTIN-binding protein that also localizes to the BTB and aES in the testes [35] . Ezrin (Ezr) expression was not significantly upregulated in the Dicer1 knockout spermatocytes (RNA sequencing) [20] and was not upregulated in the Ngn3Cre-driven Dicer1 knockout testes either (Fig. 6A) . We also demonstrated that Cldn5, Itga5 (integrin alpha 5), Itga3 (integrin alpha 3), and Lgals9 (lectin, galactose binding, soluble 9) mRNAs were upregulated in isolated Ngn3Cre-Dicer1 knockout spermatocytes (Fig. 6A) . These results validated that the two mouse models in which Dicer1 deletion was induced by using different Cre lines shared similar upregulation of cell adhesion-related genes.
Finally, we analyzed the RNA-sequencing data of Ddx4Cre-Dicer1 and Ddx4Cre-Dgcr8 knockout pachytene spermatocytes generated by Modzelewski et al. (GSE63166) [36] to examine the expression of adhesion-related genes. GO term analysis of the genes upregulated in Dicer1 and Dgcr8 knockout pachytene spermatocytes demonstrated clear overrepresentation of genes under the GO terms cell adhesion and biological adhesion (data not shown), which was also shown in the analysis done by Modzelewski et al. [36] . Interestingly, our analysis revealed that 17 of those 81 genes that were listed under the GO term biological adhesion (Supplemental Table  S2 ) were upregulated in both Dicer1 and Dgcr8 knockout spermatocytes in the data in Modzelewski et al. [36] (Supplemental Table S3 ). These genes included Cldn5 and Itga5 that we validated to be upregulated in Ngn3Cre-Dicer1 spermatocytes by real-time qPCR (Fig. 6A) . 
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Defects in CLAUDIN5 Localization in ES in Dicer1 Knockout Mice
Cldn5 mRNA upregulation in Dicer1 knockout spermatocytes prompted us to further analyze CLAUDIN5 expression in the Dicer1 knockout testes. CLAUDIN5 has been shown to be expressed in Sertoli cells, spermatogonia, and preleptotene spermatocytes, and to be a component of tight junctions between Sertoli cells [31] . Here we show that CLAUDIN5 localized to the aES region of early ES (Fig. 6B) . In step 1-6 RS, CLAUDIN5 was found to be irregularly localized to the cytoplasm. However, in step 7-8 RS, the signal became concentrated in the central region of the acrosome and this polarized localization at the apical side of the nucleus was prominent in step 9-11 ES (Fig. 6B) .Western blot analysis using a CLAUDIN5 antibody and enriched populations of germ cells revealed the strongest expression in spermatocytes and a weaker signal in RS (Fig. 6C) . No signal was detected in the ES fraction. However, this fraction of the elutriation centrifugation consisted mostly of step 14-16 spermatids with condensed nuclei and was largely devoid of early step 9-11 ES that had the polarized CLAUDIN5 signal in the immunofluorescence analysis.
FIG. 3.
Apical ectoplasmic specializations (aESs) are disrupted in Dicer1 knockout testes. A) PFA-fixed, paraffin-embedded Dicer1 knockout (KO) and control (CTRL) testis sections (stage IX-X) were immunostained with an anti-ESPIN antibody (green) that detects ACTIN bundles in the Sertoli cell-side of the aESs. Cells were double stained with rhodamine-conjugated PNA-lectin (red) to visualize the acrosome. Nuclei were stained with DAPI (blue). In the control testes, an aES forms between the Sertoli cell and the apical surface of the ES, as visualized by the ESPIN localization that overlaps with the area containing the acrosome (some examples are noted by arrows). In the knockout testes, the ESPIN signal is often disintegrated or completely absent (cells marked by asterisks). ES: elongating spermatids, RS: round spermatids, PSpc: pachytene spermatocytes, LSpc: Leptotene spermatocytes. Bar ¼ 10 lm. B) Zoomed views of the selected areas that are boxed in A. C) Electron microscopy of the aESs of Dicer1 knockout and control step 9 ES. Dashed lines are drawn adjacent (on the Sertoli cell side) to the junctions between the apical regions of the ES and the Sertoli cell plasma membrane. Bar ¼ 2 lm. D) Dicer1 knockout and control cauda epididymis cross sections were stained with DAPI (blue) to demonstrate the reduced number of spermatozoa and the presence of immature germ cells in the Dicer1 KO cauda epididymis. Round spermatids are indicated by arrows and ES by asterisks. Bar ¼ 20 lm.
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Next, we compared the expression and localization of CLAUDIN5 in control and Dicer1 knockout seminiferous epithelium. Interestingly, while CLAUDIN5 showed a concentrated localization directly beneath the ESPIN-positive aESs in the control testes, this signal was mostly absent in the Dicer1 knockout ES (Fig. 7A) . Some ES were still in contact with Sertoli cells via aESs, but CLAUDIN5 did not localize to these junctions in the absence of functional DICER. Western blotting of testis lysates with an anti-CLAUDIN5 antibody showed decreased expression of CLAUDIN5 in the knockout testes (Fig. 7B) . The downregulation was even more prominent in the juvenile P24 than in the adult testes (Fig. 7B) . At P24, spermatogenesis has not yet proceeded to the ES phase, and therefore, the downregulation of CLAUDIN5 cannot be explained by the reduced number of aES-containing ES in the knockout testes.
To study if the defects in the aES organization originated from defective miRNA pathways or from miRNA-independent functions of DICER, we analyzed ESPIN and CLAUDIN5 localization in the male germ cell-specific Dgcr8 knockout testes, which have a defective microprocessor complex. This mouse model has been generated using Ddx4 promoter-driven Cre expression, which is induced a few days earlier than Ngn3-driven Cre expression [20] . The different Cre lines used in Dgcr8 (fx/fx);Ddx4Cre and Dicer1 (fx/fx);Ngn3Cre mice complicated a direct comparison of these mouse lines. However, it was clear that aESs as detected by an anti-ESPIN antibody were disorganized in Dgcr8 knockout seminiferous epithelium, and the ESPIN-positive junctions were rarely detected at the apical side of early ES (Fig. 7C) . In addition, the CLAUDIN5 signal was irregular, resembling the phenotype of the Dicer1 knockout testes (Fig. 7C) .
DISCUSSION
Several conditional knockout mouse models generated using different Cre lines to induce male germ cell-specific inactivation of DICER all deliver the same overall message: the function of DICER is absolutely necessary for normal spermatogenesis and fertility. The deletion of Dicer1 in postnatal spermatogonia using the Ngn3 promoter-driven Cre expression causes major defects in chromatin condensation and nuclear shaping during haploid differentiation and dramatically reduced epididymal sperm counts [16] . In this study, we revealed that these defects are likely to originate from the failure in forming and maintaining the cell-cell junctions in the seminiferous epithelium in the absence of functional DICER.
Although germ cell-intrinsic DICER is known to be required for sperm production, the exact expression pattern of DICER in differentiating germ cells remained unknown, mostly because of the challenges in the detection of DICER in testicular tissue with commercially available antibodies. Recent study demonstrated that a HA-tagged transgenic DICER was expressed in the cytoplasm of spermatogenic cells until the pachytene phase of meiosis [37] . In this study, we optimized the immunofluorescence protocol to detect endogenous DICER 
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in the testes. By using two different antibodies, we showed that DICER was expressed in all differentiating male germ cells and the DICER expression peaked in late meiotic cells. In contrast to the HA-DICER expression, we also detected DICER in haploid cells. The broad expression of DICER in different types of male germ cells indicates that DICER-dependent pathways are active throughout spermatogenesis. Considering the prominent role of DICER in the posttranscriptional regulation of gene expression, it is not surprising that DICER was found to be expressed at the highest level in late meiotic cells, which are transcriptionally highly active and have an exceptionally diverse transcriptome [13] .
A novel isoform of DICER has been identified in mouse oocytes. This oocyte-specific shorter DICER isoform is driven by an intronic retrotransposon promoter and is required for female fertility [38] . Interestingly, we found a longer form of DICER in the testes. This high MW DICER was not detected in spermatocytes with the highest level of DICER expression, but appeared in haploid cells and was the only form detected in the epididymal spermatozoa. Whether the higher MW DICER in haploid cells corresponds to a novel isoform or a posttranslationally modified DICER remains to be characterized. Either way, the haploid cell-expressed novel form of DICER may provide important functional diversity for the DICER-dependent processes in distinct spermatogenic cell types.
Spermatozoa are highly polarized cells. Polarization begins at the late steps of the RS stage right before the onset of nuclear elongation. Cell polarization requires specific protein complexes that anchor the nucleus to the plasma membrane at a region that is involved in the junction formation between two cells [39, 40] . In the case of ES, the junctions that confer and maintain polarization are the testis-specific adherens junctions known as aESs at the spermatid-Sertoli cell interface [41, 42] . Here, we showed that the aESs were disorganized and discontinuous, and the orientation of the ES in the epithelium was frequently found to be abnormal in the Dicer1 knockout testes. Very often, spermatids were completely detached from the Sertoli cells leading to an immature release of spermatids into the lumen. We previously revealed that the testis-specific histone variant H1T2, which is only integrated into the chromatin at the apical subacrosomal region [43] , had an abnormal bipolar localization in the Dicer1 knockout spermatids [17] . Together these findings strongly suggested an important role for DICER-dependent pathways in the establishment and maintenance of cell-cell junctions between spermatids and Sertoli cells and the polarization of spermatids.
In addition to aESs, the BTB was also affected and found to be unusually thick in the Dicer1 knockout epithelium. The BTB forms between adjacent Sertoli cells and divides the epithelium into a basal and adluminal compartment. At the onset of meiosis, spermatocytes have to pass through the BTB and translocate into the adluminal compartment, a process that FIG. 5 . Expression patterns of adhesion-related genes that were upregulated in Dicer1 knockout spermatocytes during spermatogenesis. A false-color heatmap shows the expression patterns of 81 biological adhesion-related genes from Supplemental Table S2 . Transcripts were quantified in Sertoli cells (SC), primitive type A spermatogonia (pSPGA), type A spermatogonia (SPGA), type B spermatogonia (SPGB), leptotene spermatocytes (lSPC), pachytene spermatocytes (pSPC), round spermatids (rSPT), and elongating spermatids (eSPT) using the Cufflinks suite on a RNA-sequencing dataset published by Gan and coworkers [34] . They were subsequently classified into eight clusters using the K-means algorithm. Clusters were sorted according to their peak expression in the different testicular cell types (expression patterns P1-P8).
FIG. 6. Expression of CLAUDIN5 in ES.
A) Real-time qPCR analysis validated significant Cldn5 mRNA upregulation in P18 Ngn3Cre-Dicer1 knockout testes. Ezrin mRNA expression was not changed in the P18 knockout testes. Cldn5, Itga3, Itga5, and Lgals9 mRNAs were also significantly upregulated in the isolated Ngn3Cre-Dicer1 knockout pachytene spermatocytes. Significant upregulation (P , 0.05) is indicated by an asterisk. Error bars represent standard deviations (SD) of mean fold changes. B) Paraffin-embedded control testis sections were immunostained with an anti-CLAUDIN5 antibody (green) and double stained with rhodamine-labeled lectin PNA (red) to visualize acrosomes. The CLAUDIN5 signal was concentrated at distinct loci on the apical KORHONEN ET AL.
includes an active remodeling of cell-cell junctions both between Sertoli cells and between Sertoli cells and germ cells [6, 7] . In our mouse model, Dicer1 was specifically deleted in germ cells. Affected Sertoli cell-Sertoli cell junctions in the germ cell-specific Dicer1 knockout mouse probably reflect the close cross talk that exists between the different cell types in the epithelium and triggers Sertoli cells to respond to defects in the DICER-dependent pathways [4] . FIG. 7 . Defective CLAUDIN5 expression and localization in the Dicer1 knockout testes. A) CLAUDIN5 immunofluorescence staining of the cross sections of adult Dicer1 knockout and control seminiferous tubules showed the absence of CLAUDIN5 (red) in the aESs (anti-ESPIN, green) of the ES. In both Dicer1 knockout and control seminiferous epithelium, the cytoplasm of the spermatogonia and spermatocytes stained positive for CLAUDIN5. However, no CLAUDIN5 signal was detected at the apical tip of step 9 Dicer1 knockout ES (asterisks). The intact signal in the control ES is indicated with arrows. B) Western blot analysis with an anti-CLAUDIN5 antibody showed decreased CLAUDIN5 protein expression in both P24 and adult Dicer1 knockout testes compared to the control. ESPIN protein levels were not decreased in the Dicer1 knockout testes. Equal loading of proteins in each lane was confirmed with anti-b-ACTIN immunoblotting. C) The aESs were disorganized in Dgcr8 knockout seminiferous epithelium. Dcgr8 (fx/fx);Ddx4Creþ testis sections were immunostained with anti-CLAUDIN5 (red) and anti-ESPIN (green) antibodies. Nuclei were stained with DAPI (blue). The arrows point to intact aESs. Asterisks indicate ES with defective CLAUDIN5 signal. Bars in A and C ¼ 10 lm.
It was evident from the spermatocyte mRNA profiling that the Dicer1 deletion induced the upregulation of a great variety of mRNAs involved in the processes of cell adhesion and the formation of cell-cell junctions. Among these were several mRNAs encoding for proteins involved in the formation of testicular cell-cell junctions, including Cldn5. Despite the upregulation at mRNA level, expression of the CLAUDIN5 protein was downregulated in Dicer1 knockout testes. It is currently unknown how the upregulation at the mRNA level is translated to a reduction at the protein level. One possibility is that an overall imbalance in mRNA expression leads to disturbed posttranscriptional regulation and translation. Importantly, the CLAUDIN5 localization on aESs was disrupted in Dicer1 knockout testes.
The mechanistic conclusions about the role of DICER in junction-related gene regulation are complicated by the fact that DICER is not only involved in the biogenesis of miRNAs with the DROSHA-DGCR8-complex, but is also involved in the processing of endo-small interfering RNAs in a DROSHAindependent fashion. Moreover, DICER is known to have miRNA/siRNA-independent roles, such as the degradation of Alu transposon transcripts in retinal pigmented epithelium [44] and the regulation of protein-coding mRNAs [45] . However, we showed that the deletion of the Dgcr8 gene caused similar defects in the testicular cell-cell junctions as the Dicer1 deletion, and Cldn5 and other adhesion related genes were upregulated in Dgcr8 knockout spermatocytes. This suggests that the junction defects in the absence of DICER at least partially originate from defective miRNA processing. Concrete molecular evidence for the direct regulation of junction-related protein expression by DICER-dependent pathways is still missing. Some of the effects may be indirect. For example, miR-34c, which is highly expressed in spermatids [37, 46, 47] , has been shown to regulate blood-tumor barrier by targeting MAZ transcription factor that regulates ZO-1, Occludin, and Claudin5 expressions [48] . On the other hand, TargetScan target prediction software (TargetScanHuman 6.2) revealed several potential miRNAs that may directly target Claudin5 mRNA. These include miR-93, miR-22, miR-199a, and miR-17 that are expressed in RS and downregulated in Dicer1 knockout testes [21] . Future studies will be required to reveal the direct miRNA targets and mechanistic details of the DICER-mediated regulation of the cell-cell junctions in the testes.
